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Three-Dimensional Structure of Phoratoxin in Solution: Combined Use of Nuclear 
Magnetic Resonance, Distance Geometry, and Restrained Molecular Dynamics? 
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ABSTRACT: The solution conformation of phoratoxin, a 46-residue plant protein, has been investigated by 
'H nuclear magnetic resonance ( N M R )  spectroscopy. The spectrum is assigned in a sequential manner 
by a combination of two-dimensional N M R  techniques to demonstrate through-bond and through-space 
(<5 A) connectivities. A set of 331 approximate interproton distance restraints and six 4 backbone torsion 
angle restraints is derived from the two-dimensional nuclear Overhauser enhancement and double quantum 
filtered homonuclear correlated spectra, respectively. These restraints are  used as the basis of a structure 
determination with a metric matrix distance geometry algorithm. A total of eight structures are computed 
in this manner and subjected to refinement by restrained molecular dynamics in which the experimental 
restraints are  incorporated into the total energy function of the system in the form of square well effective 
potentials. The average atomic root mean square difference between the final eight structures and the mean 
structure obtained by averaging their coordinates is 1.7 f 0.5 8, for the backbone atoms and 2.1 f 0.5 8, 
for all atoms. The overall shape of phoratoxin is that of the capital letter L, similar to that of crambin 
and a,-purothionin, with the longer arm comprising two a-helices a t  an angle of - 140° to each other and 
the shorter a rm a mini-antiparallel 0-sheet and a loop made up of two turns and a strand. 

Phoratoxin is a member of a group of low molecular weight 
water-soluble protein toxins that are ubiquitous throughout 
the plant kingdom and include the purothionins and viscotoxins 
(Samuelsson & Ekblad, 1967; Samuelsson et al., 1968; Sam- 
uelsson & Patterson, 197 1 ; Killstrand & Samuelsson, 1973; 
Mak & Jones, 1978). Pharmacological experiments have 
shown that these toxins are haemolytic, lyse a wide variety of 
mammalian cells, cause vascoconstriction of vessels in skin and 
skeletal muscle, produce hypotension and bradydycardia, and 
have a negative inotropic effect on heart muscle (Rose11 & 
Samuelsson; Anderson & Johannson, 1973; Okada & Yosh- 
izumi, 1973; Carraco et al., 1982). 

The amino acid sequence homology between these toxins 
ranges from 30% to 50%. In addition, they display 30-50% 
homology with respect to crambin, a hydrophobic, water-in- 
soluble plant protein of no yet known biological activity (Van 
Etten et al., 1965) whose crystal structure has been solved to 
very high resolution (Hendrickson & Teeter, 1981). 

Recently, we presented a 'H NMR1 study on a,-purothionin 
(Clore et al., 1987) and derived a set of 310 approximate 
interproton distance restraints from NOE measurements, 
which were subsequently used to determine its three-dimen- 
sional structure by the combined use of distance geometry and 
restrained molecular dynamics calculations (Clore et al., 
1986a). The three-dimensional structure of a,-purothionin 
is indeed similar to that of crambin, in agreement with the 
observed 33% amino acid sequence homology. Phoratoxin 
displays 39% and 45% sequence homology with respect to 
crambin and a,-purothionin, respectively (see Figure 1). One 
would therefore expect the three-dimensional structure of 
phoratoxin to be similar to that of crambin and a,-purothionin. 

To test this hypothesis, we have carried out a ' H  N M R  
study on the solution structure of phoratoxin. First, the ' H  
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NMR spectrum is assigned in a sequential manner by a 
combination of two-dimensional NMR techniques to demon- 
strate through-bond and through-space (<5 A) connectivities 
(Wiithrich et al., 1982). A set of 331 approximate interproton 
distance restraints and six 4 backbone torsion angle restraints 
is then derived from the NOESY and DQF-COSY spectra, 
respectively. This is followed by metric matrix distance ge- 
ometry calculations (Crippen & Havel, 1978; Havel et al., 
1984; Havel & Wiithrich, 1984, 1985; Sippl & Scheraga, 
1986) to generate a set of structures that are consistent with 
the experimental restraints. Finally, these structures are re- 
fined by restrained molecular dynamics calculations (Brunger 
et al., 1986; Clore et al., 1985, 1986a,b; Kaptein et al., 1985; 
Nilsson et al., 1986). 

EXPERIMENTAL PROCEDURES 

Sample. Phoratoxin was a gift of Prof. G. Samuelsson and 
was purified from the mistletoe Phorandondron tomentosum 
subsp. macrophyllum as described previously (Mellstrand & 
Samuelsson, 1973). This material is in fact a mixture of 85% 
phoratoxin A and 15% phoratoxin B (G. Samuelsson, personal 
communication). These two proteins differ in only a single 
amino acid residue at position 25 with phoratoxin A having 
a valine and phoratoxin B an isoleucine at this position 
(Mellstrand & Samuelsson, 1974; Thunberg, 1983). 

The samples for NMR contained 8.6 mM phoratoxin in 
either 90% H20/10% D20 or 99.96% D20 at pH 3.1. All 
experiments were carried out at 25 "C. 

N M R  Spectroscopy. NMR spectra were recorded on a 
Bruker AM500 spectrometer equipped with digital phase 

I Abbreviations: NMR, nuclear magnetic resonance spectroscopy; 
NOE, nuclear Overhauser effect or enhancement; NOESY, two-dimen- 
sional nuclear Overhauser enhancement spectroscopy; HOHAHA, ho- 
monuclear Hartmann-Hahn spectroscopy; DQF-COSY, double quantum 
filtered homonuclear correlated spectroscopy; 1 cal = 4.183 J; rms, root 
mean square. 
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FIGURE 1: Comparison of the amino acid sequences of phoratoxin A (Mellstrand & Samuelson, 1974), a,-purothionin (Jones & Mak, 1977), 
and crambin (Teeter et al., 1981). Phoratoxin B differs from phoratoxin A in having an isoleucine instead of a valine at position 25 (Thunberg, 
1983). The numbering of the residues is that of phoratoxin and crambin, and the alignment with a,-purothionin, which has one residue less, 
is that which gives maximum homology (Teeter et al., 1981). 

Crambin 

Phoratoxin A 

al-Purothionin 

shifters and an ASPECT 3000 computer. All two-dimensional 
spectra were recorded in the pure-phase absorption mode with 
the time proportional phase incrementation method (Redfield 
& Kuntz, 1975, Bodenhausen et al., 1980) as described by 
Marion and Wuthrich (1983). The following spectra were 
recorded in D 2 0  and H20: NOESY (Jeener et al., 1979; 
Macura et al., 1981), DQF-COSY (Rance et al., 1983), and 
MLEV17 HOHAHA (Davis & Bax, 1985; Bax & Davis, 
1985; Braunschweiler & Ernst, 1985) spectra. NOESY 
spectra were recorded at  mixing times of 100, 150, and 200 
ms. HOHAHA spectra were recorded at several mixing times 
ranging from 15 to 70 ms in order to demonstrate successively 
direct, single, and multiple relayed through-bond connectivities 
(Davis & Bax, 1985; Bax & Davis, 1985). For measurements 
in H 2 0 ,  the H 2 0  resonance was suppressed by selective irra- 
diation during the relaxation delay and in the case of the 
NOESY spectra during the mixing time as well (Wider et al., 
1984). An additional set of NOESY spectra in H 2 0  was also 
recorded without solvent irradiation by replacing the last 90' 
pulse in the sequence by a semiselective jump-return (90,-t- 
90-.J pulse with the carrier placed at the position of the solvent 
(Plateau & Gueron, 1982). All spectra were recorded with 
sweep widths of 7042 Hz. The digital resolution employed 
for the NOESY and HOHAHA spectra was 6.88 Hz/point 
in both dimensions, and this was achieved by appropriate zero 
filling in the tl dimension only. In the case of the DQF-COSY 
spectra, the digital resolution was 1.72 Hz/point in the tz 
dimension and 6.88 Hz/point in the tl dimension. Typically, 
64-1 60 transients were collected for each of 5 12 increments 
with a relaxation delay of 1-1.2 s between successive transients. 

Calculations. Metric matrix distance geometry calculations 
were carried out with the program DISGEO (Havel & 
Wuthrich, 1984, 1985; Havel, 1986). All energy minimization 
and restrained molecular dynamics calculations were carried 
out as described by Clore et al. (1986b) and Brunger et al. 
(1986) on a CRAY-XMP using a CRAY version (A. T. 
Brunger, unpublished data) of the program CHARMM (Brooks 
et al., 1983). Analysis of the structures and molecular dy- 
namics trajectories was carried out with a modified version 
of the function network of mow (Jones, 1978) interfaced with 
CHARMM on an Evans & Sutherland PS330 color graphics 
system. 

Empirical energy potentials for the energy minimization and 
molecular dynamics calculations were taken from Brooks et 
al. (1 983) and modified in order to treat all hydrogen atoms 
explicitely (D. States and M. Karplus, unpublished data). 
Solvent molecules were not included explicitly in the simula- 
tions, but the effect of solvent was approximated by multiplying 
the electrostatic energy term by a 1/r screening function 
(Brooks et al., 1983). The nonbonded interactions were 
switched off by a cubic switching function, between 6.5 and 
7.5 A, with pairs up to 8 8, included in the nonbonded list. 
Integration of the equations of motion was performed by a 
Verlet integrator algorithm (Verlet, 1967) with initial velocities 
assigned to a Maxwellian distribution a t  the appropriate 
temperature. The time step of the integrator was 0.001 ps, 

and the nonbonded interaction lists were updated every 0.02 
PS. 

RESULTS AND DISCUSSION 
Assignment of the ' H  NMR Spectrum. Sequence-specific 

resonance assignment is the prerequisite for the determination 
of a protein structure in solution (Wuthrich et al., 1982; 
Billeter et al., 1982). This was relatively straightforward and 
was carried out by first identifying amino acid spin systems 
by means of direct and relayed through-bond connectivities, 
followed by the sequential assignment of resonances by means 
of short (<5 A) through-space connectivities involving the NH, 
C"H, and CBH protons as well as the C*H protons of proline 
(Wagner & Wuthrich, 1982; Zuiderweg et al., 1983; Strop 
et al., 1983; Weber et al., 1985; Kline & Wuthrich, 1985; Clore 
et al., 1985, 1986c, 1987; Wagner et al., 1986; Zarbock et al., 
1986). The former was achieved with the HOHAHA spectra, 
examples of which are shown in Figures 2 and 3 for the NH- 
aliphatic and C"H-aliphatic regions, respectively, while the 
latter was carried out with the NOESY spectra, examples of 
which are shown in Figures 4 and 5 for the NH-NH and 
NH-aromatic/NH-aliphatic regions, respectively. A plot of 
the C*H-aliphatic region of a 150-ms mixing time NOESY 
spectrum is available as supplementary material (see paragraph 
at end of paper regarding supplementary material). 

One feature of the assignment is noteworthy. This concerns 
the microheterogeneity at residue 25, which is a valine in 
phoratoxin A and an isoleucine in phoratoxin B, phoratoxin 
A and B being present in a ratio of -5:l (Mellstrand & 
Samuelson, 1974; Thunberg, 1983; G. Samuelson, personal 
communication). The resonances of the valine and isoleucine 
at this position were easily identified (see the HOHAHA 
spectra in Figures 2 and 3). The only effect of this micro- 
heterogeneity on other residues is to cause a small difference 
in the chemical shift of the N H  protons of residues 26-30 in 
phoratoxin B relative to phoratoxin A. This is best seen in 
the NOESY spectrum of the NH-NH region (Figure 4). The 
observed patterns of NOEs for these residues, however, are 
identical in the two phoratoxins. 

A summary of the observed short range (li - j (  I 5) NOEs 
involving the NH,  C"H, and CBH protons as well as the C*H 
protons of proline is given in Figure 6. The complete list of 
resonance assignments is available as supplementary material. 

Secondary Structure. The regular secondary structure 
elements present in phoratoxin can be identified from the data 
in Figure 6 (Wuthrich et al., 1984). There are two helices 
extending from residues 7 to 19 and 23 to 29 that are char- 
acterized by a stretch of NH(i)-NH(i + I ) ,  C*H(i)-NH(i 
+ 3), and C"H(i)-CaH(i + 3) NOEs, as well as the presence 
of slowly exchanging N H  protons. There are two small 6- 
strands from residues 2 to 5 and 32 to 35 characterized by a 
stretch of C"H(i)-NH(i + 1) NOES and in the case of Pro-5 
by a C"H(4)-C6H(5) NOE and apparent values of >9 Hz for 
the 3JHNe coupling constants indicative of q5 backbone torsion 
angles in the range -80' to -180' (Pardi et al., 1984). These 
two strands form a mini-antiparallel @-sheet characterized by 
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FIGURE 2: NH (F1 axis)aliphatic (F2 axis) region of the HOHAHA spectrum of phoratoxin in H,O. Some relayed connectivities are indicated 
by continuous lines, and the labels are at the positions of the direct NH-C'H cross-peaks. The spectrum is unsymmetrized. 

interstrand NOEs between the C*H protons of Ser-2 and 
11634 and of Cys-4 and Cys-32 and between the N H  protons 
of Cys-3 and Lys-33, from the C a H  protons of Ser-2 and 
Cys-4 to the N H  protons of Ile-35 and Lys-33, respectively, 
and from the C"H proton of Cys-32 to the C6H protons of 
Pro-5. This set of interstrand NOEs enables one to assign two 
interstrand backbone hydrogen bonds between the N H  proton 
of Cys-3 and the carbonyl oxygen atom of Lys-33 and between 
the N H  proton of Lys-33 and the carbonyl oxygen atom of 
Cys-3. The presence of these two hydrogen bonds is further 
supported by the observation of slow H - D exchange for the 
NH protons of Cys-3 and Lys-33. In addition to these regular 
structure elements, a number of turns can be identified from 
the short-range NOEs (Wagner et al., 1986). These comprise 
residues 4-6, 19-22, 30-3.1, 36-39, and 41-45. 

Interproton Distance and Dihedral Restraints. At short 
mixing times, the intensities of the NOESY cross-peaks are 
approximately proportional to r-6, where r is the distance 
between two protons (Wagner & Wiithrich, 1979; Kumar et 
al., 1981; Dobson et al., 1982; Keepers & James, 1984; Clore 
& Gronenborn, 1985). We used the NOESY spectra with 
mixing times of 150 and 200 ms to assign all NOESY 
cross-peaks and the spectra recorded with mixing times of 100 
and 150 ms to assign the NOESY cross-peak intensities. This 
classification procedure was carried out essentially as described 
previously (Braun et al., 1983, 1986; Williamson et al., 1985; 
Kline et al., 1986; Clore et al., 1985, 1986a,b). The NOESY 
cross-peak intensities were divided into three classes, strong, 
medium, and weak, corresponding to the distance ranges of 
1.8-2.8, 1.8-3.3, and 2.5-5 A, respectively, used in the tertiary 
structure computations. The complete list of all the NOEs 
used in the computations is available as supplementary ma- 

terial. This consists of a total of 331 NOE restraints com- 
prising 135 short-range (li - j (  I 5) and 60 long-range ( l i  - 
j (  > 5) interresidue and 136 intraresidue interproton distance 
ranges. The number and type of NOE restraints are similar 
to those used in the determination of the solution structure 
of a,-purothionin (Clore et al., 1986a). The number of in- 
terresidue distances, both short and long range, is also similar 
to that used in our model studies on crambin (Clore et al., 
1986b; Brunger et al., 1986), but the number of intraresidue 
distances used here is significantly larger. 

In addition to the NOE restraints, three other groups of 
restraints were used in the computations. (i) Six 4 backbone 
torsion angles restrained to a range of -80 to -180" on the 
basis of values of 3JHNa > 9 Hz (Pardi et al., 1984). These 
involve Cys-3, Cys-4, Thr-6, Cys-32, Lys-33, and Thr-38. (ii) 
Four distance restraints corresponding to the two backbone 
hydrogen bonds between Cys-3 and Lys-33 identified as de- 
scribed in the previous section. For each hydrogen bond the 
N-O and NH-O distances are restrained to ranges of 2.3-3.3 
and 1.3-2.3 A, respectively. (iii) Nine distance restraints for 
the three disulfide bridges between Cys-3 and Cys-40, Cys-4 
and Cys-32, and Cys-16 and Cys-26. For each disulfide bridge 
there are three distance restraints, Si-S,, S,-C@,, and S,-C@,, 
which are constrained to values of 2.02 f 0.05, 2.99 f 0.05, 
and 2.99 f 0.05 A, respectively. 

Tertiary Structure Computation. The strategy we have 
employed here for the computation of the tertiary structure 
of phoratoxin follows the one that we previously used for 
al-purothionin (Clore et a]., 1986a). This involves a two stage 
procedure: (i) the generation of a set of structures that ap- 
proximately satisfies all experimental and covalent restraints 
using the DISGEO distance geometry program (Have1 & 
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FIGURE 3: A portion of the C"H (F1 axis)-aliphatic (F2 axis) region of the HOHAHA spectrum of phoratoxin in D,O. Direct and relayed 
connectivities are present, and some spin networks originating from the C'H protons are indicated by continuous lines. The spectrum is 
unsymmetrized. 

Wuthrich, 1984, 1985; Havel, 1986) based on the metric 
matrix (Crippen & Havel, 1978; Havel et al., 1984); (ii) the 
refinement of these structures using a combination of re- 
strained energy minimization and restrained molecular dy- 
namics (Clore et al., 1985, 1986b; Brunger et al., 1986). In 
our experience this dual approach is the most efficient in terms 
of computational time although we note that restrained mo- 
lecular dynamics is also capable of determining the tertiary 
structure starting from unfolded structures (Briinger et al., 
1986; Clore et al., 1986b). 

In the distance geometry calculations, the distance ranges 
for protons for which stereospecific assignments could not be 
made were appropriately corrected for the pseudoatom rep- 
resentation used by DISGEO as described by Wiithrich et al. 
(1983). The distance geometry calculations then proceeded 
in four phases: (i) the determination of a complete set of upper 
and lower limits for the distances between all atoms in the 
structure by triangulation from the covalent restraints (viz., 
bond lengths, bond angles, and planes), the van der Waals 
restraints (which set a minimum distance between any two 
nonbonded atoms), and the experimental distance and dihedral 
angle restraints; (ii) the embedding of a set of substructures 
comprising the C, C", N, and C"H backbone atoms and the 
nonterminal Ca and CY atoms which are consistent with the 
distance bounds between these atoms; (iii) the computation 
of a set of structures that approximately fits all the distance 
data by a procedure known as metrization in n-dimensional 
distance space (Havel et al., 1984); (iv) restrained least-squares 
refinement (1500 cycles) in Cartesian coordinate space of these 
structures with respect to all the distances. To complete the 
structure determination stage, the pseudoatoms were replaced 

by real atoms and all hydrogen atoms were built on to generate 
a set of structures known as DG(2'). 

The refinement stage involves a combination of restrained 
energy minimization and restrained molecular dynamics in 
which the NOE interproton distance and q5 backbone torsion 
angle restraints are incorporated into the total energy function 
of the system in the form of square well effective potentials 
(Clore et al., 1986a): 

c(xi  -xiUY I c(xi - xi112 

if x i  > x i u  

if x i  < xi1 
FNOE,,= 0 if xi1 < x i  < x iu  (1) 

where xi  is the calculated value of a particular NOE inter- 
proton distance or @ backbone torsion angle and x: and xi] 
are the upper and lower limits of the target ranges of this NOE 
interproton distance or q5 backbone torsion angle. The force 
constant c was set to 40 kcal mol-' A-* for the NOE restraints 
and to 40 kcal mol-' rad-* for the q5 backbone torsion angle 
restraints. In contrast to the distance geometry calculations, 
which use pseudoatoms with appropriate distance corrections 
for protons that could not be stereospecifically assigned, the 
energy calculations employ a single (( r4))-'I6 mean distance 
(Clore et al., 1985, 1986a,b; Briinger et al., 1986). The explicit 
distance restraints used for the two assigned backbone hy- 
drogen bonds and the three disulfide bridges in the distance 
geometry calculations were not included as effective restraints 
potentials. This is because the hydrogen-bonding restraints 
are taken over by the hydrogen-bonding and electrostatic 
potential terms and the disulfide bridge restraints by the ap- 
propriate bond, angle, and dihedral potential terms. 

The refinement proceeded in two phases: (i) 500 cycles of 
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FIGURE 4: NH (F1 axis)-NH (F2 axis) region of the 150-ms NOESY spectrum of phoratoxin in H20. The sequence of d"(i, i + 1) connectivities 
extending from residues 8 to 19 and 25 to 29 are indicated by continuous (-) and dashed (--) lines, respectively. Note that there are two 
sets of NH peaks for residues 25-29 corresponding to phoratoxin A and B, which are present in a ratio of approximately 5:1. The spectrum 
is unsymmetrized. 

restrained energy minimization to generate structures DGm(i); 
(ii) 2 ps of equilibration and thermalization (Brooks et al., 
1983) followed by 10 ps of restrained molecular dynamics at 
400 K. The final restrained dynamics structures, RDDG(i), 
were obtained by averaging the coordinates of the last 7 ps 
of the trajectory, followed by 500 cycles of restrained energy 
minimization, additionally constrained by weak harmonic 
constraints (Bruccoleri & Karplus, 1986) to correct for minor 
distortions in bond lengths and angles introduced by the av- 
eraging procedure. (Note that this last restrained energy 
minimization step results in only very small atomic rms shifts 

Three mean structures, DG, DGm, and RDDG, were com- 
puted by averaging the coordinates of the individual DG(i), 
DGm(i), and RDDG(i) structures, respectively. Because these 
mean structures are poor in stereochemical terms and exhibit 
very bad nonbonded contacts, they were subjected to a mul- 
tiple-step restrained energy minimization procedure (Briinger 
et al., 1986; Clore et al., 1986b) in which the van der Waals 
radii were slowly increased from one-fourth of their full values 
in the first 200 cycles, to half of their full values in the next 
200 cycles, and finally to their full values in the final 400 
cycles. This resulted in structures ( E ) m ,  (=)m, and 
(RDDG)m. 

Converged Structures. Eight converged DG structures were 
computed and subjected to further refinement to yield the 

-- of c0.2 A). 

various other structures described in the previous section. The 
results are summarized in Figures 7-1 1 and Tables I-IV. The 
best fit superposition of the backbone atoms of the DG, DGm, 
and RDDG structures is shown in Figure 7, the superposition 
of the NOE restraints on the backbone atoms of the 
(RDDG)m structure in Figure 8, and the best fit superposition 
of the backbone atoms of the mean DG, DGm, and RDDG 
structures and of all the atoms (except hydrogens) of the 
restrained energy minimized mean structures (=)m, 
(DGm)m, and (RDDG)m in Figure 9. The atomic rms dis- 
tributions of the DG, DGm, and RDDG structures about their 
respective mean structures is shown in Figure 10, as a function 
of residue number. The atomic rms shifts between each set 
of DG, DGm, and RDDG structures and the atomic rms 
differences between the mean structures, DG, DGm, and 
RDDG, and between the restrained energy minimized mean 
structures, ( E ) m ,  (=)m, and (RDDG)m, plotted as a 
function of residue number, are available as supplementary 
material. The variation of the C$ and fi backbone torsion angles 
of the restrained energy minimized mean structures, ( E ) m ,  
(DGm)m, and (RDDG)m, as a function of residue number 
is shown in Figure 11. (Similar plots for all the other struc- 
tures are available as supplementary material.) The values 
of the atomic rms distributions and shifts between the various 
structures are given in Table I, the C$ and $ angular rms 

-__ 

- 

-- 

- 
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are unsymmetrized, and the spectrum in H2O was recorded with the jump-return sequence for the last 90° pulse to suppress the water resonance. 
NOEs  from the C r 3H and C'3H protons of Trp-44 and the C6H and C'H protons of Tyr-13 are  indicated in the D20 spectrum. The spectra 

1 5 10 15 20 25 30 35 LO L5 
K S C C P T T T A R N I Y N T C R F G G G S R P V C A K L S G C K I  I S G T K C D S G W N H  

2'str"ci"re - - 
s1 1 HA T HB T S 2 T  T 

FIGURE 6: Sequence of phoratoxin A together with a summary of 
the observed short-range (li -j l  5 5) NOEs involving the N H ,  CaH, 
and CSH protons as well as the C6H protons of the proline residues. 
The NOES are classified into strong, medium, and weak by the 
thickness of the line. N H  protons that are  still present after 24 h 
of dissolving the protein in D 2 0  are indicated by closed circles (0). 
Apparent values of 3Jm, > 9 H z  as measured from the DQF-COSY 
spectrum are also indicated by closed circles (0). Apart from residue 
25, only the chemical shifts of the N H  protons of residues 25-29 differ 
slightly in phoratoxin A and B; for residue 25 (Val in phoratoxin A 
and Ile in phoratoxin B), the chemical shifts of the N H  protons differ 
slightly (by 0.04 ppm) and the chemical shifts of the other resonances 
somewhat more (see Table I). The pattern and relative intensities 
of the NOES observed for phoratoxin A and B, however, are identical. 

differences in Table 11, the NOE interproton distance devia- 
tions and radii of gyration in Table 111, and the energies of 
the structures in Table IV. 

Examination of the above data clearly shows that the dis- 
tance geometry calculations generate a set of similar structures 
all of which satisfy the experimental restraints. [Note that 
the comparatively large values of the NOE interproton distance 
deviations in Table I11 and of the NOE restraints energy in 
Table I V  for the DG structures are principally due to the fact 
that for distances involving protons that could not be stereo- 
specifically assigned these values are calculated with a single 
(( r-6))-1/6 average distance rather than a corrected distance 
range to a pseudoatom.] The average atomic rms difference 
between any pair of DG structures is 2.1 f 0.3 8, for the 
backbone atoms and 2.8 f 0.4 8, for all atoms, and that 
between the DG structures and the mean DG structure about 
which they are distributed is 1.4 f 0.3 8, for the backbone 
atoms and 1.8 f 0.3 8, for all atoms. These values are ap- 
proximately the same for the DGm structures but interestingly 
slightly larger for the RDDG structures (Table I). This is 
probably due to the fact that a larger range of bond lengths, 
bond angles, and w peptide bond torsion angles is sampled 
during the course of the restrained molecular dynamics tra- 
jectory, which in turn allows a wider region of conformational 
space to be sampled. The 4 and J, angular rms differences 
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Table I:  Atomic rms Differences" 
atomic rms difference (A) 

backbone atoms all atoms 

(DG) vs. (DG) 
(DGm) vs. (DGm) 
(RDDG) vs. (RDDG) 
(DG)  vs. DG 
(DGm) vs. DGm 
(RDDG) vs. RDDG 
(DG) VS. ( E ) m  
(DGm) vs. (DGm)m 
(RDDG) vs. (RDDG)m 

- 
- 

- 

(DG) vs. (DGm) 
(DG) vs. (RDDG) 
(DGm) vs. (RDDG) 
DG vs. DGm 
DG vs. RDDG 
DGm vs. RDDG 

DGm vs. (DGm)m 

( E l m  vs. (DGm)m 
(DG)m vs. (RDDG)m 
(DGm)m vs. (RDDG)m 

_ _ -  
- -  
_ _ -  
- 
DG VS. ( E l m  

RDDG VS. (RDDG)m 

- -  

- 
- 

(A) Distributions 
2.1 f 0.3 
2.1 f 0.3 
2.6 f 0.7 
1.4 f 0.2 
1.4 f 0.3 
1.7 f 0.5 
1.9 * 0.4 
1.8 f 0.5 
2.0 f 0.7 

(B) rms Shifts 
1.1 f 0.1 
2.1 f 0.4 
1.6 f 0.4 
0.8 
1.2 
0.7 
1.2 
0.9 
1.1 
0.9 
1.3 
1.1 

2.8 f 0.4 
2.7 f 0.4 
3.2 f 0.6 
1.8 f 0.3 
1.9 f 0.3 
2.1 f 0.5 
2.4 f 0.4 
2.2 f 0.5 
2.5 f 0.7 

1.2 f 0.1 
2.4 f 0.5 
1.9 f 0.4 
0.8 
1.4 
0.8 
1.4 
1.2 
1.2 
1.2 
1.4 
1.3 

"The notation of the structures is as follows: (DG) comprise the 
eight converged distance geometry structures, (DGm) the structures 
derived from the DG structures by restrained energy minimization, and 
(RDDG) the structures derived from the DGm structures by re- 
strained molecular dynamics (see text). DG, DGm, and RDDG are 
the mean structures obtained by averaging the coordinates of the DG, 
DGm, and RDDG structures, respectively. The estimated standard 
atomic rms error s,,,, of these mean structures is given by [E(rmsdJ2/ 
n(n - where rmsd, is the atomic rms difference between the ith 

-- 

structure and the mean structure and n is the number of structures (see 
supplementary material). ( E ) m ,  (=)m, and (RDDG)m are the 
structures obtained by restrained energy minimization of the mean E, -. - - 
DGm, and RDDG structures, respectively. 

Table 11: 4 and ic. Angular rms Differences and Violations" 
rmsd, rmsd, 

(A) Distributions 
(DG) vs. (DG)  38 f 4 9.5 f 1.6 36 f 4 9.9 f 2.4 
(DGm) vs. (DGm) 38 f 4 8.8 f 2.3 34 f 4 8.2 f 2.3 
(RDDG) vs. 37 f 5 8.8 f 2.4 34 f 3 8.1 f 2.6 

(DG) vs. DG 34 f 3 5.5 f 2.1 34 f 4 6.2 f 1.7 
(DGm) vs. DGm 34 f 2 4.2 f 2.7 33 f 4 3.7 f 1.7 
(RDDG) vs. RDDG 30 f 4 5.1 f 1.9 30 f 5 4.1 f 1.5 

(B) Differences 

structure (deg) viol, (deg) viol, 

(RDDG) 

- 

__ 
DG VS. (DG)m 36 0 33 0 
DGm vs. (DGm)m 26 0 29 0 
RDDG vs. ( m ) m  24 1 23 1 
DG vs. DGm 28 0 26 0 
DG vs. RDDG 34 2 30 1 
DGm vs. RDDG 23 1 19 1 

(DG)m vs. (RDDG)m 31 3 34 2 
(DGm)m vs 27 2 28 2 

- -  

- -  
- -  
_ _ -  

(%)m vs. ( m ) m  23 3 30 2 - 
- 

(RDDG)m 
"The angular rms violations (viol, and viol,) are defined as the 

number of angles for which the difference between the values for any 
given pair of structures is greater than 90°; these angles are not in- 
cluded in the calculation of the angular rms differences, rmsd, and 
rmsd,. The notation of the structures is the same as that in  Table I. 

between the structures of the DG, DGm, and RDDG sets, 
however, are similar (Table I1 and supplementary material). 

Looking at Figure 10, it is apparent that the positions of 
the backbone atoms in regions of regular secondary structure, 
namely, the two a-helices (residues 7-19 and 23-28) anddhe 
mini-antiparallel @-sheet (residues 2-4 and 32-34), are well 
defined with atomic rms deviations from the respective mean 
structures of <1 A. Loops, turns, and irregular structures, 
on the other hand, tend to be relatively poorly defined. In 
particular, there are five regions in the structures where the 
atomic rms distribution of the backbone atoms about the mean 
structures is >2 A, namely, the first N-terminal and last two 
C-terminal residues and residues 5-6, 19-21, and 35-40, which 
comprise three of the turns. The larger deviations in these 
regions arise from two contributory factors: first, a reduced 
network of interproton distance restraints, and second, the 
absence of stabilizing backbone hydrogen bonds. In this re- 
spect we note that none of the turns present in phoratoxin are 
classical in nature. 

The positions of the side-chain atoms, as expected, are not 
as well defined as those of the backbone atoms (Figure lo), 
and this is most marked for external surface residues for which 
there are few or no distance restraints involving side-chain 
atoms (Figure 8). Side chains whose positions are restricted 
by stereochemistry, packing requirements within the protein 
interior, or a large network of interproton distance restraints 
are, however, well defined with atomic rms distributions about 
the mean structures of C2 A (Figure lo). Thus, for example, 
the positions of the cystine side chains that are restricted by 
the requirements of disulfide bridge formation are well defined. 
Of those side chains that extend beyond the CY atom, the 
positions of Tyr-13, Arg-17, Leu-27, Ile-34, and Ile-35 are well 
defined due to a combination of packing requirements and 
interproton distance restraints. The position of Trp-44, on the 
other hand, is slightly less well defined than these other residues 
because, being a surface residue, its position is restricted only 
by the interproton distance restraints. Thus, the variability 
of the structures in certain areas reflects to a large extent the 
limitations imposed on the accuracy of the structure deter- 
mination by the lack of suitable NOE restraints involving 
flexible parts of the molecule. 

Refinement results in a reduction in the overall energy of 
the structures (Table IV). This principally involves the non- 
bonding (van der Waals, electrostatic, and hydrogen bonding) 
terms and the NOE restraints energies (Tables TI1 and IV). 
The first-level improvement resulting from restrained energy 
minimization is achieved by only small rms shifts in the atomic 
positions, while the second-level improvement produced by 
restrained molecular dynamics is associated with much larger 
atomic rms shifts (Table I and supplementary material). 
Accompanying the successive reduction in the energies of the 
structure is a reduction in the radii of gyration (Table 111), 
which arises from the improvement in the electrostatic energy 
and from the increased contribution of the attractive compo- 
nent of the van der Waals energy (Table IV). 

The effects of refinement can be understood in terms of a 
two-level energy model. The distance geometry calculations 
generate a set of structures that are located in the region of 
the global minimum (tier 1). Each DG structure lies in the 
vicinity of a different local subminimum (tier 2), which is 
reached by restrained energy minimization (Le., the DGm 
structures). Thus, only a very limited region of the tier 2 
subspace is explored by restrained energy minimization due 
to its inability to overcome energy barriers. Restrained mo- 
lecular dynamics, on the other hand, explores a much larger 
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FIGURE 7: Best fit superpositions of the backbone (C, C*, N) atoms of the eight converged (a) DG, (b) DGm, and (c) RDDG phoratoxin 
structures. 

region of the tier 2 subspace, thereby locating lower energy 
local subminima. There are of course variations in the energies 
of the RDDG structures, but these are relatively small. Thus, 
the local subminima occupied by the RDDG structures are 
approximately equivalent energetically although they are lo- 
cated in different regions of subspace within the global min- 
imum. In this respect, it is important to stress that restrained 
molecular dynamics per se does not result in convergence to 
an overall single global minimum structure defined by a single 

smooth potential well. Indeed, it is unlikely that such a 
minimum even exists. Rather, restrained molecular dynamics, 
starting from a number of DGm structures, permits the most 
efficient sampling of the lowest energy subminima (tier 2) of 
the global minimum region (tier l), and the distribution of 
the RDDG structures provides a measure of the size of the 
tier 1 conformational space. This is probably slightly larger 
than that available to the actual protein in solution due to the 
increased structural variability afforded by the limited range 
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FIGURE 8: Stereoviews of the short- (a) and long- (b) range interproton distance restraints shown as dashed lines superimposed 
comprising the backbone (N, C", C) atoms of the phoratoxin structure (RDDG)m. 

on a framework 

Table 111: Interproton Distance Deviations and Radii of Gyration" 
rms difference between calculated and target interproton distance restraints (A) 

interresidue 
short range long range 

(DG) 0.56 f 0.04 0.48 f 0.05 0.96 f 0.08 0.36 f 0.01 10.09 f 0.32 

( Z ) m  0.09 0.08 0.1 1 0.09 9.13 
( DGm ) 0.13 f 0.02 0.10 f 0.12 0.19 f 0.06 0.12 f 0.01 9.61 f 0.21 

structure all (331) (li - j l  5 5) (135) (li - A  > 5 )  (60) intraresidue (1 36) radii of gyration (A) 

- 
DG 0.42 0.36 0.75 0.24 9.94 

DGm 0,17 0.13 0.18 0.19 9.44 
(DGm)m 0.10 0.08 0.12 0.11 9.53 
(RDDG) 0.10 f 0.01 0.08 f 0.01 0.13 f 0.02 0.10 f 0.01 9.38 f 0.1 1 
RDDG 0.18 0.16 0.18 0.19 9.13 
(RDDG)m 0.10 0.09 0.12 0.09 9.48 

7 

"The notation of the structures is the same as that in Table I. The rms difference (rmsd) between the calculated (r,,) and target restraints is 
calculated with respect to the upper (r,") and lower (ri)) limits such that 

[ x ( r i j - r i j U ) 2 / n ] - " z  i f r i j  > r $  
if ri) Q rij Q rjj" 

[ ~ ( r i j  - r J ) ? / n  1 "2 i f  rij < rijl 

(<5 A), accuracy, and number of the experimental interproton leading to the presence of many inequivalent local energy 
distance restraints. Nevertheless, the concept of tier 2 sub- minima separated by barriers within a global minimum re- 
states arising from the present analysis may have its count- gion.] 
erpart in physical reality, as evidenced by the observation of An additional feature of the refinement concerns the mean 

following flash photolysis at low temperatures (Austin et al., 
1975; Ansari et al., 1985). [As indicated by Stein (1985), it minimized mean structures, (DGm)m, and 
also bears a natural analogy to spin glasses in condensed matter (RDDG)m. The atomic rms differences between the mean 
physics, in particular the properties of disorder and frustration structures as well as between the restrained energy minimized 

-- power law kinetics for the rebinding Of co to myoglobin structures, DG, DGm, and RDDG, and the restrained energy - 
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--- 
DG, DGm,RDDG 

-- ( E l m ,  iDGm)m,(RDDG)m 
FIGURE 9: (a) Best fit superposition of the backbone (C, C", N) atoms of the mean phoratoxin structures DG, DGm, and RDDG. (b) Best 
fit superposition of all atoms (except hydrogen atoms) of the restrained energy minimized mean structures (=)m, ( m ) m ,  and (RDDG)m. 
RDDG and (RDDG)m are shown as thick lines whereas the other structures are shown as thin lines. 
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FIGURE 10: Atomic rms distribution of the eight DG, DGm, and RDDG structures about the mean DG, DGm, and RDDG structures, respectively, 
for all atoms, backbone atoms, and side-chain atoms as a function of residue number. 
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FIGURE 11: 4 and $ backbone torsion angles as a function of residue number for the ( E ) m  (--), ( m ) m  (-), and (RDDG)m (0) phoratoxin 
structures and the X-ray structure of crambin (A). 

Table IV: Energies of the Structures" 
~~~~~~ 

@ torsion 

bond angle dihedral improper electro- restraints restraints 
NOE angle 

structure total (678)b (1219)b (314)b (162)b van der Waals static H bond (331)' (6)' 
(DG) 5911 f 2429d 88 f 39 332 f 87 317 f 12 1.7 f 3.4 1040 f 2233' -67 f 44 -16 f 4 4161 f 5 5 1  54 f 84' 
DGm 390 f 200 54 f 14 418 f 58 262 f 23 34 f 6 15 f 4 8  -583 f 40 -38 f 6 226 f 66 2 i 4 
RDDG -116f 108 4 0 f 6  345 f 35 237 f 18 32 f 6 -51 f 19 -784 f 31 -67 f 7 130 i 28 0.2 f 0.6 
DG >lo6 3.6 X lo4 6134 462 0.9 > I O 6  -1641 -15 2348 4.2 
- 
- 
DGm > I O 6  1.9 X IO4  3446 595 14 > I O 6  -638 -26 479 0.0 
RDDG > I O 6  1.7 X lo4 2949 5 5  1 60 .IO6 -1736 -35 383 0.0 
( E ) m  116 49 343 252 39 -6 2 -575 -4 1 112 0.0 
(DGm)m -8 50 333 228 41 -46 -694 -5 5 135 0.0 
(RDDG)m -118 46 323 222 32 -56 -740 -69 124 0.0 

- 

"The notation of the structures is the same as that in Table I. The number of terms for the bond, angle, dihedral, and improper dihedral 
(planarity) potentials and for the effective NOE interproton distance and @ backbone torsion angle restraints potentials is given in  parentheses. *The 
bond, angle, and dihedral potentials for the three disulfide bridges are included in these terms. 'The restraint force constants (cf. eq 1) have values 
of 40 kcal mol-' A-2 for the NOE interproton distance restraints and 40 kcal mol-' rad-2 for the $J backbone torsion angle restraints. dThe range of 
the total energy of the DG structures extends from 4089 to 11652 kcal/mol. 'The range of the van der Waals energy of the DG structures extends 
from 94 to 6560 kcal/mol. /The range of the @ backbone torsion angle restraint potential of the DG structures extends from 0.0 to 236 kcal/mol. 

mean structures are much smaller than the atomic rms shifts 
between the individual sets of DG(i), DGm(i), and RDDG(2') 
structures (Table I1 and supplementary material). Indeed, 
the atomic rms differences between the restrained energy 
minimized mean structures are only slightly larger than those 
between the mean structures themselves, despite the fact that 
the restrained energy minimization procedure results in atomic 
rms shifts of - 1 %, for the backbone atoms. The energies of 
the restrained energy minimized mean structures display a 
hierarchy with ( E ) m  having the largest energy and 
(RDDG)m the lowest (Table IV). Interestingly, the van der 
Waals, hydrogen bonding, NOE, and 4 restraint energies of 
all three restrained energy minimized mean structures are 
similar and are comparable to those of the individual RDDG 

structures (Table IV). The electrostatic energy of the ( E ) m  
and (DGm)m structures, however, is significantly higher than 
that of the individual RDDG structures whereas that of the 
(RDDG)m structure is comparable to it. Thus, despite the 
relatively large distribution of the DG, DGm, and RDDG 
structures about their respective means, the mean structures 
are located in the vicinity of a local subminimum, and the 
lower the energy of the individual structures, the lower the 
energy of this local subminimum. 

The coordinates of the mean structures are relatively well 
defined with atomic rms standard errors of <0.7 8, for all 
atoms (Table I). How, therefore, do the mean structures relate 
to the time-average structure in solution? We cannot provide 
an answer to this question as no independently determined 

- 
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FIGURE 12: Best fit superposition of the backbone (C, C", N, 0) atoms of the (RDDG)m structure of phoratoxin (thick lines) with (a) the 
X-ray structure of crambin (thin lines) and (b) the (RDDG)m structure of a,-purothionin (thin lines). (c) Backbone (C, C", N, 0) atomic 
rms difference between the (RDDG)m structure of phoratoxin on the one hand and the X-ray structure of crambin (-) and the (RDDG)m 
structure of a,-purothionin (--) on the other. The 1.5-A resolution X-ray structure of crambin is from Hendrickson and Teeter (1981), and 
the (RDDG)m solution structure of al-purothionin is from Clore et al. (1986a). [Note that the meaning of the notation (RDDG)m for 
al-purothionin is the same as that for phoratoxin.] 

structure, such as an X-ray structure, is available in this case. 
Nevertheless, our model studies on crambin (Clore et al., 
1986b) suggest the following interpretation. The individual 
DG, DGm, and RDDG structures are distributed about mean 
structures that are close to but not identical with the true 
time-average solution structure. They are not identical with 
the latter because of deficiencies in the empirical energy 
functions used which cannot be completely overcome by the 
experimental restraints available. These deficiencies are most 
severe for the DG structures as the only non-bonding inter- 
action considered is a soft van der Waals repulsion term. 
Deficiencies in the empirical energy function used for re- 
strained energy minimization and restrained molecular dy- 

namics are clearly smaller but still present, for example, the 
relatively crude treatment of the electrostatic interactions, the 
assignment of partial charges, and the absence of solvent. 
These, however, are not as severe as one might imagine at first 
sight because they are almost completely compensated by the 
experimental restraint energies. 

The mean DGm structure is thus intermediate in quality 
between the mean and RDDG structures because, al- 
though the empirical energy function used to generate the 
DGm structures is the same as that used to generate the 
RDDG structures, restrained energy minimization only enables 
one to locate the local submimima closest to the original DG 

- 
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the other are 540° for angle pairs deviating by less than 90°. 
Refinement does not result in any significant reduction in this 
value but reduces the number of $ and J /  angles deviating by 
greater than 90' between crambin and the phoratoxin struc- 
tures from 4 f 0.8 for the DG and ( m ) m  structures to 2.5 
f 0.5 for the RDDG and (RDDG)m structures. The short- 
range (li -f I 5) backbone hydrogen bonds in the two helices 
are virtually identical in the restrained energy minimized mean 
phoratoxin structures and crambin, and four of the six long- 
range (li -f > 5) backbone hydrogen bonds present in crambin 
are also present in the phoratoxin structures (see the supple- 
mentary material for further details). 

CONCLUSIONS 
The results presented here as well as those in our previous 

paper on the solution structure of a,-purothionin (Clore et al., 
1986a) demonstrate that the similarity in the amino acid 
sequences of the three plant proteins phoratoxin, a,-puro- 
thionin, and crambin is extended to their three-dimensional 
structures. All three structures are closely related with com- 
mon secondary structure elements arranged almost identically 
in space. The main deviations that are observed are located 
in turns/loops connecting these elements and most notably at 
the C-terminal end of the polypeptide chain. 

The observed microheterogeneity of phoratoxin at position 
25 did not pose an obstacle with respect to the sequence- 
specific assignment. Additional cross-peaks arising from the 
minor species only extended over a short stretch of sequence 
and could be easily identified. Since no differences in relative 
cross-peak intensities were detected for this sequence, we 
conclude that the solution structure of the minor species, 
phoratoxin B, is indistinguishable from that of the major 
species, phoratoxin A, within the accuracy of the experimental 
data. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Five tables listing the complete resonance assignments, the 

complete list of NOES used in the computation of the three- 
dimensional structure of phoratoxin, the atomic rms standard 
errors of the mean structures, angular rms deviations between 
the mean structures and crambin for the backbone torsion 
angles, and the list of backbone hydrogen bonds in the con- 
verged structures and four figures showing additional NMR 
data, atomic rms shifts between various converged structures 
as a function of residue number, and plots of backbone torsion 
angles of various converged structures as a function of residue 
number (16 pages). Ordering information is given on any 
current masthead page. 

Registry No. Phoratoxin A, 65719-15-5; phoratoxin B, 97707-63-6; 
crambin, 78783-34-3; a,-purothionin, 58239-09-1. 
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Table V: Backbone (C, C", N, 0) Atom Backbone rms Differences 
between Solution Structures of Phoratoxin and a,-Purothionin and 
X-ray Structure of Crambin" 

backbone ( C ,  C", N, 0) 
atomic rms difference (A) 

a, -uurothioninc 

structure crambinb RDDG (RDDG)m 
phoratoxin - 

DG 1.7 3 .O 3.1 
(DG)m 1.9 3.3 3.5 
DGm 1.6 2.8 3.0 
(DGm)m 1.8 3.1 3.2 

- 
- 

RDDG 1.7 2.7 2.9 
(RDDG)m 1.6 2.9 3.1 

a,-purothionin 
RDDG 2.3 
(RDDG)m 2.6 

"The notation of the structures is the same as that in Table I. 
From the 1.5-A resolution crystal structure of Hendrickson and 

Teeter (1981) deposited in the Brookhaven Protein Data Bank. CFrom 
Clore et al. (1986a). The meaning of RDDG and (RDDG)m for a,- 
purothionin is the same as that for phoratoxin. 

structures, whereas restrained molecular dynamics permits one 
to locate the lowest energy local subminima. 

Comparison with Crambin and a,-Purothionin. The sec- 
ondary and tertiary structures of phoratoxin are similar to 
those of the X-ray structure of crambin (Hendrickson & 
Teeter, 1981) and the solution structure of a,-purothionin 
(Clore et al., 1986a). All three proteins are L-shaped, with 
one arm of the L being formed by the two a-helices and the 
other arm by the mini-antiparallel @-sheet and the two turns 
and strand formed by the C-terminal residues 35-46. The 
angle between the long axes of the helices is - 140°, and the 
angle between the plane formed by the two helices and the 
plane of the antiparallel @-sheet is -5OO. The best fit su- 
perpositions of the backbone atoms of the (RDDG)m phora- 
toxin structure on the crambin X-ray structure and the 
(RDDG)m a,-purothionin structure are shown in Figure 12. 
Also shown in Figure 12 is a plot of the respective backbone 
atomic rms differences as a function of residue number, which 
shows that the regions of closest agreement comprise the 
regular secondary structure elements. The mean and re- 
strained energy minimized mean phoratoxin structures are 
closer to the crambin X-ray structure than the equivalent 
a,-purothionin structures (Table V). This finding correlates 
with the observed amino acid sequence homologies (Figure 
1). The phoratoxin and a,-purothionin structures, however, 
are closer to crambin than they are to each other (Table V) 
although their amino acid sequences are more homologous to 
each other than to crambin (Figure 1). Given that the ex- 
perimental restraints used to determine the phoratoxin and 
a,-purothionin structures are similar both in quality and in 
quantity, this may be due to the deletion of residue 24 and 
the presence of an extra disulfide bridge between residues 12 
and 29 in a,-purothionin. Indeed, the latter may be responsible 
for the shorter helix A in a,-purothionin, which extends from 
residues 10 to 19 while in phoratoxin and crambin this helix 
comprises residues 7-19. 

The similarity between the phoratoxin structures and 
crambin extends to the 4 and il. backbone torsion angles 
(Figure 11 and supplementary material) and the backbone 
hydrogen bonds (see supplementary material). The 4 and $ 
angular rms differences between the mean and restrained 
energy minimized structures on the one hand and crambin on 
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